To determine the endurance of a super duplex stainless steel (SDSS) used for wave soldering bath materials, the corrosion behaviors of a SDSS, SAF2507, and a comparative austenitic stainless steel, SUS304L (conventional material for tin-lead soldering container) in a Sn3.0Ag 0.5Cu molten lead-free solder were investigated. After testing, the samples were analyzed by optical microscopy (OM), scanning electron microscopy (SEM), and semi-quantitative phase identification under an energy dispersive spectrometer (EDS) to evaluate the effects of the composition of test materials and immersion conditions on their microstructure evolution and corrosion behaviors.
Introduction
The use of lead-free solder in the electronics industry has increased dramatically over the past decade due to environmental protection legislation. Most research projects related to lead-free solder have focused on the physical properties 1, 2) (e.g., thermal or mechanical properties) of new solders as well as their reliability and performance, since this is the most important issue at present. When changing to a lead-free solder, one has to consider that a higher percentage of tin in an alloy will enhance the operation temperature 1, 2) (normally 2070°C higher than that of tin-lead solder) and this will increase potential corrosion problems in relation to the solder machine parts, i.e., solder bath or impeller. Therefore, the equipment's compatibility with a lead-free solder becomes an important concern for all related equipment manufacturers. For equipment manufacturers, corrosion protection for solder bath components can be split into two categories: (a) homogenous solder corrosion resistant materials (HSCRM) without any surface treatment and (b) those with surface treatment (e.g., coating) on the homogenous materials (STHM). 1) For HSCRMs, conventional 300 series stainless steel (e.g., SUS304L) is generally used for the tin-lead solder baths with excellent longevity results.
3) However, when used for a lead-free solder, high dissolution rates may occur. 47) To combat this problem, many alternative materials, such as titanium or gray cast iron, have been investigated. 8) However, the use of such materials has inherent limitations, for example, high tooling costs in the case of gray cast iron and high material costs in the case of titanium. Providing a possible alternative choice of HSCRM in the context of solder containers becomes a major work in this study. Earlier studies suggested that iron based materials with a higher Cr (e.g., SUS 309S) 2) and Mo (e.g., SUS 316), 4) and less Fe contents may retard the dissolution rate from the molten leadfree solder. Taking into account the above considerations, a super duplex stainless steel (SDSS), SAF2507, which has both a higher Cr (7% more) and Mo (4% more) content when compared to SUS304L, was selected for evaluation for this study because of its feasibility as an HSCRM. The selected SDSS was tested along with an SUS304L for comparative purposes. The materials were immersed in a commercial Sn3.0Ag0.5Cu molten lead-free solder with a variety of immersion times and exposure temperatures. After immersion testing, microstructure evolution and corrosion behaviors of the tested samples were investigated. From the test results, the endurance of both stainless steel materials as an HSCRM was determined.
Materials and Experimental Methods
Material samples for molten lead-free solder endurance tests were cut from 3.0 mm thick plates and machined into strips approximately 20 mm wide, 50 mm long, and 1.5 mm thick. The chemical composition of selected materials used in this study is shown in Table 1 . Before testing, all of the sample plates were polished with 1000-grit SiC paper to remove surface contamination and then cleaned with pure alcohol. To determine the mass ratio of specimen/solder used for each test, mass of the polished plates and the solder were measured. The mass of SUS304L plate is similar to the mass to SAF2507 plate which is approximately 12 g. The solder used for each sample is approximately 515 g.
The samples were then immersed vertically in a crucible with molten Sn3.0Ag0.5Cu lead-free solder, which is the most promising lead-free solder for a wave soldering process, at various temperatures: 350, 450 and 550°C. The temperature ranges selected in the study are extremely high compared to industrial standardized lead-free solder bath temperatures (around 280°C). 7) However, when considering the surface temperature of the sheathed heater of a solder bath at the initial stages of the power-on, the temperature ranges were chosen accordingly.
2)
After immersion for the assigned times, from 250 to 1500 h, tested samples were removed from the molten solder and cross-sectioned. The tested samples were observed in order to measure the dissolution depth. The definition of maximum dissolution depth refers to that described by Takemoto et al., 2) shown in Fig. 1 . Furthermore, to investigate the corrosion mechanism after immersion tests, microstructure evolution of tested samples was evaluated under OM, SEM and EDS. Figure 2 shows the effects of immersion time and temperature on the maximum dissolution depth (D max ) of SUS304L and SAF2507 in Sn3.0Ag0.5Cu molten solder. For both materials, it is clear that D max increases with the soaking temperature and time. However, the SUS304L has a higher dissolution rate when compared to SAF2507. For SUS304L, diffusion and mirror dissolution occurred after immersion for 1000 h at 350°C (Fig. 3(a1) ). When the immersion time is longer (e.g., Fig. 3 (b1) 1500 h at 350°C) or soaking temperature is higher, dissolution increases. As the temperature was elevated to 550°C ( Fig. 3(c1) ), massive dissolution was observed. For SAF2507, no dissolution was observed after immersion for the assigned times at 350 (Fig. 3(a2) ) or 450°C (Fig. 3(b2) ). Dissolution was only observed as the immersion temperature rose to 550°C (Fig. 3(c2) is an example of immersion for 1000 h at 550°C). Moreover, as massive dissolution occurs, D max and immersion time have a parabolic relationship, which indicates a slight reduction in the dissolution rate with immersion time. Earlier studies suggest 4) that the driving force for the dissolution rate of solid metals into molten liquid metal is (Cs ¹ C); here "Cs" is the saturation concentration of the solute in liquid metal and "C" is the concentration of the solute in liquid after reaction time. As the RL around the test plate forms, the concentration of the solute in the molten solder, "C", increases, especially at the interface of the solder/stainless steel. The increase of "C" reduces the concentration difference, (Cs ¹ C), which directly reduces the dissolution rate. This can be considered the dominant factor for the slight reduction in the dissolution rate with immersion time. Figure 4 (a1) shows an example of the cross-sectional photomicrographs at earlier stages of dissolution which can be observed at a lower immersion temperature after immersion for an intermediate time (e.g., 350°C, after immersion for 1000 h) or shorter periods of immersion at a higher immersion temperature (e.g., 450°C, after immersion for 250 h). From the EDS analysis (Fig. 4(a2) ), it was observed that the inhomogeneous Sn diffusion layer was initially formed in the SUS304L matrix. That is, Sn diffuses into the stainless steel matrix and Fe, Cr and Ni from the surface of matrix diffuse into the solder; however, no significant dissolution occurred at this stage. As the immersion temperature and time were increased, large and irregular dissolution was observed. Figures 4(b1) , 4(c1) and 4(d1) show three examples after exposure to molten solder for longer periods of immersion time at 450°C. These samples show very similar and relatively thick RLs. Chemical analysis of the RLs was performed in an SEM equipped with EDS. Figures 4(b2) to 4(d2) and 4(b3) to 4(d3) show the local compositions in the vicinity of SUS304L matrix/RL interface and RL/solder interface, respectively. As seen in Figs. 4(b2) to 4(d2) , the EDS semi-quantitative analysis indicates that the RL consists of Sn, Fe and Cr. In Figs. 4(b3) to 4(d3) , the RL also consists of Sn, Fe, but Cr concentration in this area is hardly detected.
Results and Discussion

Corrosion depth analysis
Microstructure observation of SUS304L after immersion tests
Figures 5(a) and 5(b) show a higher magnification of the RL. EDS analysis reveals the Fe/Sn and Cr/Sn (see Table 2) 2,3) compounds formed in the RL. Figures 6(a) and 6(b) show the cross sectional images after 1500 h (longest immersion time) at 350 and 450°C, respectively. These figures show the typical microstructures of duplex stainless steel which consists of a mixture of Face- Centered Cubic (FCC) austenite (£) islands in Body-Centered Cubic (BCC) ferrite (¡) grains. No obvious RL was observed under those temperatures after 1500 h of immersion. However, after 1500 h of immersion at 450°C, grain sizes of the ferrite (¡) phases grew obviously. Furthermore, the EDS line scan indicated that the earlier stages of a Sn diffusion layer may initially form after a 1500 h immersion test at 450°C (see Fig. 7 ). As the temperature was elevated to 550°C, a thicker RL was observed, especially in the specimens undergoing a longer test period. Figures 8(a1) to 8(b1) show the two examples after exposure the longer periods in molten solder at 550°C. From these figures, it was observed that the dissolution morphology of these samples is very similar to the dissolution morphology of SUS304L samples. However, the SAF2507 dissolution rate was much lower when compared to SUS304L. From EDS analysis (Figs. 8(a2) and 8(b2)), in the vicinity of SAF2507 matrix/RL interface, it was observed that the main constituents in the RL are Sn and Fe. The presence of small amounts of Cr in the RL was also confirmed. However, in the vicinity of SAF2507 RL/ solder interface, Fe and Cr contents in the RL are further reduced. EDS line scan analysis (Fig. 9 ) also reveals Fe/Sn and Cr/Sn compounds formed in the RL of the SAF2507 test plates.
Microstructure observation of SAF2507 after immersion tests
Comparison of the corrosion mechanism of the immersion samples
Regarding their chemical compositions, SAF2507 has a higher content of Cr than SUS304L and an additional Fig. 3 Test results for SUS304L after immersion for (a1) 1000 h (b1) 1500 h at 350°C and (c1) 1000 h at 550°C, and for SAF2507 after immersion for 1500 h at (a2) 350°C (b2) 450°C and (c2) 1000 h at 550°C.
constituent of Mo. The main advantage of adding Cr to steel is to improve the corrosion resistance through the formation of a passive film. This advantage can be further enhanced in the presence of Mo. 9) Numerous examples in the literature 2, 3) indicate that the stable passive film also offers extremely poor wetting with solder and aids against the attack from molten solder. This may be explained insofar as SAF2507 has a greater endurance to molten lead-free solder. Nevertheless, for SAF2507, dissolution still occurred at higher immersion temperatures (550°C). It has been established 9) that if the SDSS operates within certain temperature ranges, Cr and Mo have negative effects due to their encouragement of the formation of a precipitation phase, such as alpha prime (¡A) within the duplex stainless steel. Alpha prime (¡A) is the lowest temperature decomposition phase in a duplex stainless steel, occurring between 300 and 525°C; this is the main cause of hardening and 475 embrittlement. To avoid ¡A precipitation, it has been suggested that duplex stainless steel only be used at temperatures under 300°C. 9) However, SDSS failure caused by ¡A precipitation does not seem to be the case in this study. Based on experimental observations, it is found that failure mechanisms for SAF2507 are very similar to SUS304L, summarized as follows:
Step 1 Sn atoms diffuse into the stainless steel. Meanwhile, Fe, Cr, and Ni diffuse into the solder and a RL is formed.
Step 2 Fe, Cr, and Sn form compounds in the RL.
Step 3 Sn keeps passing through the unprotected HSCRM and the RL becomes thicker. The dissolution of the RL begins.
Step 4 Part of the RL pieces break down and, simultaneously, Sn keeps diffusing into the unprotected HSCRM. A new RL is formed. The dissolution rate is then reduced, due to the concentration of the solute in the molten solder (e.g., Fe, Cr, Ni, increases). The above failures are related to atom diffusion, formation of RLs, and finally dissolution. These are typical results of liquid metal corrosion. In addition, although severe dissolution for SAF2507 did occur at higher immersion temperatures (550°C) in this study, for most lead-free solders the process temperatures are lower than 280°C. Additionally, for real soldering processes, high temperature duration at initial stages of the power-on would not be sustained as long as the process occurs within the parameters of this study. Therefore, from the experimental results, it is found that SAF2507 is still a feasible option in the context of HSCRM.
Conclusions
To determine the endurance of a super duplex stainless steel (SAF2507) used for wave soldering bath materials in a molten lead-free solder (Sn3.0Ag0.5Cu), dissolution tests on the SAF2507 and a comparative material, SUS304L, were performed. From the test results, conclusions can be made as follows: (1) SAF2507 has better corrosion resistance to lead-free solder than SUS304L. With test temperature below 450°C, no obvious dissolution occurs for SAF2507, whereas SUS304L results in severe dissolution. (2) For SUS304L, an earlier stage of the Sn diffusion layer may initially form after 1000 h of immersion at 350°C. After a longer test period, dissolution occurs. (3) For SAF2507, an earlier stage of the Sn diffusion layer may initially form at 450°C after 1500 h of immersion. As the temperature is elevated to 550°C, a massive RL and dissolution are observed, especially in specimens with longer test periods. (4) EDS analysis reveals that Fe/Sn and Cr/Sn compounds are formed in the RLs of both selected materials. (5) In this study, the failure of both materials was related to atom diffusion, formation of a RL and finally, dissolution. It was confirmed that these were all results of liquid metal corrosion.
